One of the significant challenges in the use of nanoparticles is the control of primary particle size and extent of agglomeration when grown from the gas phase. In this paper we consider the role of surface passivation of the rate of nanoparticle coalescence. We have studied the coalescence of bare and H-coated silicon nanoparticles of sizes between 2-6 nm using molecular dynamics simulation at 1000 and 1500 K. We found that coalescence of coated particles consists of two steps, where reaction between particles and relocations of surface atoms near the reacting region, occur in the first step, which comprise an induction period. The second step consists of the nominal coalescence event, which depends on the surface tension and solid-state diffusion in the particle. The hydrogen passivation layer was found to remain on the surface of coalescing pair of the particles during the entire coalescence event. We also develop a mathematical model to describe the dynamics of coalescence of coated particles. The model is able to describe both the initial induction period and the coalescence period, and the role of the extent of surface coverage on the coalescence rate. In general, the entire coalescence time of coated particles is about 3-5 times that of bare particles, and the exothermicity from coalescence is about half that for the unpassivated particles.
I. INTRODUCTION
Nanoparticles and nanocrystals are considered one of the fundamental building blocks for the creation of nanostructures and associated devices. In particular, for optoelectronic application quantum confinement effects and the role of surface states for particles smaller than 10 nm are of particular interest. [1] [2] [3] [4] Fabrication of the desired size with a narrow size distribution, and desired structure, are seen as one of the major challenges in robust implementation of nanoscience to a nanotechnology.
The growth of silicon nanoparticles is usually achieved by gas-phase processes through either thermal decomposition of chemical precursors or some type of physical evaporation and/or condensation process. For example, laser ablation of Si targets in an inert gas have been used successfully to fabricate sub-10 nm Si nanoparticles, 5, 6 and are shown to exhibit visible photoluminescence ͑PL͒ in the red. However, stable and intense PL in the green-blue region has not been achieved for pure Si nanoparticles because of the nature of surface states arising from dangling bonds. [7] [8] [9] Patrone et al., for example, found that PL can be stabilized for deposited Si nanoparticles prepared in a hydrogen-containing atmosphere, 6 and hydrogenated Si nanoparticles with green PL in the gas phase can be fabricated in a H 2 + Ne background gas. 10 Makimura et al. 10 reported that hydrogen termination of Si nanoparticles surfaces might arrest the growth of particles and/or change the structure. Such Si nanoparticles were shown to have a larger band gap and hence require higher photon energy to realize photoexcitation for PL. 11 Controlling particle size is also a major challenge in the formation of nanoparticles. Liquid-phase growth methods have received some success in this regard through the use of colloidal and solvation forces, to retard or control clustercluster interactions, and therefore the growth of nanoparticles. 1, 12 In contrast gas-phase growth, which is a considerably more important industrial process at the moment, has no easy solution to significantly retard particle coagulation and/or coalescence. One possibility has been to charge particles, although this process is difficult to achieve on a large scale, particularly for small particles where charging rates are very small.
A more formal representation of the problem is that the rate of collision and subsequent coalescence of particles determines the size of the spherical primary particles and the growth of agglomerates. When the characteristic coalescence time is less than the collision time between particles ͑at sufficiently higher temperatures͒, spherical particles will be produced before another collision event occurs. On the other hand, when the collision time is less than the characteristic coalescence time ͑at relatively low temperatures͒, coalescence will be negligibly slow and chain aggregates will be formed, coalescence Ͻ collision → spherical particle, coalescence Ͼ collision → agglomerate.
Therefore, particle morphology and size can be controlled by either modifying the characteristic coalescence time or the collision time. We have investigated various experimental and theoretical strategies to accomplish this. By embedding a nanoparticle in a nanodroplet of molten salt, generated from gas-phase precursors injected into a high-temperature flame, we observed a retardation of growth. 13 This process was subsequently modeled by Efendiev and Zachariah 14, 15 using a Monte Carlo method for the simulation that combines both the coagulation of the droplets and the interaction between the embedded nanoparticles. Another approach was to con-trol the coalescence rate by using the inherent exothermicity of particle coalescence to internally heat the particle and therefore control the growth rate. 16 However, many gas phase processes are not amenable to such approaches.
An altogether different approach is to imagine a particle coated with a material that would prevent or retard particle agglomeration or coalescence. More specifically, for the case of silicon, is a natural passivating agent that has been used previously, although not specifically, for silicon nanoparticles.
Since hydrogenated amorphous silicon ͑a-Si: H͒ has many technological applications, 17 MD simulations have been employed to investigate the reaction dynamics of atomic hydrogen with a-Si: H surfaces 18 and H 2 adsorption and desorption on silicon surfaces. 19, 20 Moreover, the effect of the radical energization on radical diffusion on a substrate was studied by impinging SiH 3 radicals ͑a likely precursor for Si growth͒, to a-Si: H thin film growth. [21] [22] [23] [24] [25] [26] [27] Ramalingam et al. found that thermal and energetic Si n H x ͑1 Ͻ n ഛ 6;0 ഛ x ഛ 13͒ clusters reacted with a probability greater than 85% with crystalline surfaces and with a-Si: H. Monte Carlo simulations have also been applied to study a-Si: H thin films. [28] [29] [30] Experiments have shown that hydrogen atoms terminate surface states ͑dangling bonds͒ and stabilize the structure of Si n clusters ͑n = 2-10͒ ͑Ref. 31͒ and that the hydride-coated surface prevents the oxygen passivation of the surface. 32 The review of the previous experimental and numerical studies on the topic of hydrogen termination of the surface of Si shows that surface passivation might be a very effective strategy to control the growth and morphology of nanoparticles grown from the vapor. More recently we have been exploring the possibility of a passivation layer to retard the growth of nanoparticles. In a molecular dynamics study, Hawa and Zachariah 33 evaluated the particle-particle interaction of hydrogen-surface-terminated silicon nanoparticles for sizes between 200 and 6400 silicon atoms at 300-1800 K. We reported that the presence of hydrogen passivation surface on silicon nanoparticles prevented coalescence between particles under thermal collision conditions. The critical approach energy of particle coalescence was significantly higher than the thermal collision energy, and it was found to increase with increasing particle size but decreased with increasing particle temperature. We also found that both solid and liquid droplets were seen to bounce at thermal energies at the temperature range of our study, and in some cases, "superelastic" collisions were observed, where the rebound kinetic energy of the droplet is higher than the approach energy. Moreover, when particles had only 75% of the available surface sites covered with hydrogen, the critical approach energy was significantly reduced but still required superthermal activation.
The above work leads us to study the effect of surface passivation on the dynamics of particle coalescence. Controlling the particle size is one of the most difficult problems in the formation of nanoparticles, in part because the characteristic coalescence time has a nonlinear dependence on temperature. Furthermore, understanding the dynamics of coalescence of surface passivated particles may be important for controlling the morphology of nanoparticles grown from the vapor. For bare particles of equivalent size the characteristic coalescence time calculated from a solid state diffusion model is written as 34
where T p is the particle temperature, N is the number concentration, D is the diffusion coefficient reported as an Arrhenius function of the temperature, and is the surface tension. The coalescence time, which increases as the four thirds power of the number concentration N, is also extensively used for the prediction. 35, 36 More recently, the relaxation time for solids was found to increase exponentially as a function of the cluster size. 37 For viscous flow, the coalescence time is given by
where d p is the diameter of the particle and is the temperature-dependent viscosity. In a prior molecular dynamics ͑MD͒ study of the kinetics of growth and coalescence of silicon nanoparticles we found that Eqs. ͑1͒ and ͑2͒ provide a reasonable quantitative description of nanoparticle coalescence. 39 However, in this study we will need to consider the effect of surface passivation on the coalescence process, and the applicability or modification to models described by Eqs. ͑1͒ and ͑2͒.
In the above relations ͓Eqs. ͑1͒ and ͑2͔͒ surface tension and atomic transport ͑diffusion coefficient͒ play an important role in coalescence. In our recent study of the effect of hydrogen passivation surface on the surface tension and on the diffusion coefficient of the silicon nanoparticles by MD simulation, we found that the surface tension of perfectly coated particles was about a half that of bare particles, but that the diffusion coefficient increased by only about 10% with hydrogen coating. 40 The particle pressure with hydrogen coating was also reduced due to the decrease of the surface tension. Moreover, the surface tension did not depend on particle size. Recent geometric optimizations and MD simulations based on an empirical tight-binding approach for studying the structure of fully and partially hydrogenated Si nanocrystals also showed that the structural properties have little size effect, contrary to their electronic properties, 41 and their results are in agreement with the x-ray diffraction measurements. 42 From a practical point of view it is well known that silicon particles grown from silane contain significant amounts of hydrogen. 43, 44 As we mentioned earlier, the pulsed laser ablation technique is used to generate hydrogenated silicon nanoparticles. It is therefore quite conceivable that one could produce such materials from the vapor with a surface coating of hydrogen near saturation.
The work in this paper is focused on understanding the coalescence mechanisms of surface-coated nanoparticles. We present a mathematical model of surface-coated particles coalescence based on an extension of Frenkel's model. 38 We will also use MD simulations with a reparametrized KTS potential 33 to track the evolution of a coalescence process and obtain the characteristic coalescence time. We clarify the relationship between the dynamics of the coalescence and the surface tension of the particles, and provide insight into the relationship between the mathematical model and the MD simulation results, and identify the mechanism of surface passivated particle coalescence.
II. MATHEMATICAL MODEL FOR PARTICLE COALESCENCE
Following Frenkel's mathematical analysis, 38 we consider the coalescence of two liquid drops, which are initially in contact with each other at a single point. We also assume that the remaining parts of the two drops maintain a spherical shape ͑see Fig. 1͒ . Under this condition the distance between the centers of each drop are equal to 2a cos , where a denotes the radius of the spherical portion of the drops. From conservation of mass of each drop, the relationship between the radius a, as well as the total surface of the coalescing particles at any time t and at t = 0, can be obtained ͑see Frenkel͒. Figure 2 shows the radius a as a function of . Since a does not change significantly when 0 Ͻ Ͻ 30°, we assume that a Х a 0 for small angle of . Then, the change of the surface area ⌬S can be obtained as
ͪͬ, ͑3͒
where ⌬ Ӷ 1. Note that Frenkel considered the second order term dominates the sintering process, but this is true when = 0. However, the first order term is always larger when Ͼ⌬. Moreover, according to Fig. 2 , the assumption a Х a 0 can be applied to small . Thus, we consider the first order term for the sintering process and neglect the second order term in our analysis. The internal energy, due to the change in surface area S, is related to the surface tension, such that the rate of energy change during the coalescence of two drops can be expressed as
where denotes the surface tension of the drop. Equation ͑4͒ must balance with the rate of energy dissipation due to the viscous flow of the liquid. The extent of this flow can be specified by the decrease of the distance between the center of each drop, and the surface of contact with the other drop. The velocity can be obtained as
The velocity gradient ␥ can be defined, accordingly, as v / a. Under such conditions the energy dissipated in the whole body per unit time is equal, approximately, to 38 2 ͵
where is the viscosity.
In our study, we need to consider the effect of surface passivation ͑hydrogen͒ on the coalescence process. We assume that the rate of energy of both repulsion, between hydrogen's, and relocation of hydrogen atoms due to the decrease of the surface area is expressed as
where ␤ is a positive parameter in energy per unit area and is a nondimensional function of . We assume that the parameter ␤ is a linear combination of the effect of the repulsion ␤ rep and the relocation ␤ rel of the surface atoms, and that they are a function of the amount of hydrogen atoms on the surface. We note that pure silicon particles would attract each other, while the hydrogen monolayer creates repulsive forces between the particles. The effective reaction contact area made by an interaction of two spherical particles of the same size is schematically shown in Fig. 3 and given by
where f c is a cutoff length of the surface atoms obtained by the reparametrized KTS potential 33 mentioned in a later section. The first term is the surface of the sector of the spherical particle obtained from the cutoff length, and the second term is the surface of contact with the other drop. Since the hydrogen monolayer exists only on the surface of the spherical particles, the portion of the reactive contact area covered by the hydrogen monolayer is determined by 
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Note that near 90°there is a rapid decrease of the reactive surface area of the spherical particle. 
ͪ. ͑10͒
The above expression is described as a solid line in Fig. 3 . Note that expression ͑10͒ describes the dashed line well when is small, and that our analysis is limited for small . Expression ͑10͒ indicates that when is small ͑initial period of coalescence process͒ a large amount of work is needed for particle reaction against the hydrogen passivation surface and for particle coalescence to relocate the surface atoms. However, after the initial stage of coalescence, the work for relocation of hydrogen atoms quickly decays and disappears when is /2. Equating expressions ͑6͒ and ͑7͒ to ͑4͒, we obtain the following equation:
Integrating over the entire process of the coalescence, which is 0 ഛ ഛ / 2, gives
It is clearly seen that the product ␤͑͒ must be less than the surface tension . Thus, 0 ഛ ␤ Ͻ . Note that the model implicitly neglects the initial approaching energy of the coalescing particles. The justification of the latter point is based on the MD simulations ͑to be presented later in the text͒, that under constant temperature processes, the collision energy has a negligible after the initial contact of coalescing particles. The parameter ␤ is zero when there is no surface passivation layer on the particles. In such a case, the time of complete coalescence becomes
and is similar expression to the result obtained by Frenkel.
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III. COMPUTATIONAL MODEL AND SIMULATION PROCEDURE
This study also involves atomistic simulations using classical molecular dynamics. For this work we use the reparametrized KTS interatomic potential for the silicon-hydrogen system developed by Hawa and Zachariah ͑HZ͒. 33 This interatomic potential for silicon was developed by Stillinger and Weber ͑SW͒ ͑Ref. 45͒ and extended by Kohen et al. 46 to include Si-H and H-H interactions. Similar sets of potential energy functions have also been developed by Murty and Atwater, 47 Ohira et al., 23, 24, 26 and Ramalingam et al. 48 where a Tersoff-type potential [49] [50] [51] [52] was extended to describe interatomic interactions in the Si: H system. This extended version of the Tersoff potential has been tested successfully for its accuracy in describing the Si: H system in several earlier studies; however, the simulation of liquid silicon was not well described by the potential. 49 By contrast, the extended SW potential ͑HZ͒ was designed to describe interactions in both solid and liquid forms of silicon. Since most synthesis processes leading to cluster formation occur at high temperature, cluster growth by coalescence is dominated by liquidlike characteristics, and the accuracy of the SW potential increases with increasing particle size or temperature, we use this potential for our investigations. The HZ potential energy is a sum of two-and three-body interactions, and the details of the model and its parameters are given in the literature ͑Hawa and Zachariah͒. 33 All simulations were run either on an Origin or Cray T3E computer running up to 64 processors. Atom trajectories were determined by integrating the classical equations of motion using the velocity form of the Verlet algorithm, 53 with rescaling of atomic velocities at each time step to achieve temperature control for constant temperature simula- tions. Time steps of 0.5 and 0.05 fs were typically used for pure silicon clusters and for hydrogen-coated clusters, respectively, to ensure energy conservation, and the Verlet neighbor list with parallel architecture was employed in all the simulations, with a neighbor list renewal every 10 steps. The simulations take place in a spherical cavity of 20 nm radius using an elastic boundary condition.
The first step in the equilibration process was to prepare pure silicon particles of various sizes ͑2, 3, 4, and 6 nm͒ ͑200, 800, 1600, and 6400 Si atoms͒ at 300 K. After removal of angular momentum, the particle temperature was raised to 2100 K for 1 ns. Particle temperatures were then reduced slowly to 300 K and equilibrated for 50 ps. The next step was to coat the particles with hydrogen atoms. Since the particles were already equilibrated, almost all surface atoms had a coordination number of three. A hydrogen atom was placed on each surface silicon atoms at a distance of 1.5 Å, and the particle temperature was maintained at 300 K for 10 ps. Any hydrogen atoms that were released from the surface were removed from the simulation, and the dynamics repeated for 10 ps. As a result, the numbers of hydrogens placed on the silicon particles made of 200, 800, 1600, and 6400 Si atoms are 74, 211, 367, and 785. For preparation of partially hydrogen coated particles, appropriate number of hydrogens were randomly removed from the particles, and again, the dynamics repeated for 10 ps for equilibration. After generating the hydrogen monolayer on the silicon particles, the temperature of the particles was slowly raised to the desired temperatures of 1000 and 1500 K and maintained at constant temperature for 50 ps. For the last step in the preparation process, the simulations were switched to a constant energy calculation for 20 ps. If the average temperature of the particle deviated by more than 10 K over this period, the equilibration process was repeated until the particle temperature deviated by less than 10 K. Duplicated particles were generated and then collided with critical collision energies for adhesion ͑not static coalescence͒ found in Hawa and Zachariah.
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IV. RESULTS AND DISCUSSION
A. Fully coated vs bare particles
During the coalescence of two particles, the formation of new chemical bonds between the atoms decreases the potential energy of the system, and decreases the total surface area. For two isolated particles under the adiabatic conditions, as the total energy is conserved, the decrease in potential energy causes a rise in thermal motion of atoms in the particle, which is reflected as an increase in particle temperature.
39 Figure 4 shows the temperature change during the coalescence of two 6 nm bare, and fully coated particles in a constant energy simulation. In this case particles have an initial temperature of 1500 K and are then given an additional directional velocity so that they collide with a kinetic energy of 110 000 K. The high collision energy is based on our prior study of the critical collision energy for reaction between fully coated silicon particles. 33 It should be understood that the collision energy is small compared with the total energy of the system, and does not have a significant contribution in the observed temperature rise. It can be seen from Fig. 4 that the uncoated particles show a rapid temperature rise during the first 20 ps ͑rise of temperature by 60 K͒, resulting from the energy release during new bond formation. On the other hand, the temperature of the coated particles does not change, but goes through an induction period, for the first 30 ps. It then increases slowly by 30 K, which is about a half the temperature rise as compared to the bare particle coalescence case. This difference in temperature is a consequence of formation of 379 vs 183 new bonds in bare and fully coated particles, respectively. This may be an indication of change of the particle structure due to the hydrogen coating and will be discussed in detail later in the manuscript.
The corresponding structural dynamics can be studied from the temporal variation of the reduced moment of inertia in the direction of collision and particle morphology, as shown in Fig. 5 . The reduced moment of inertia converges to unity when the particle is spherical. However, as these particles ͑2-6 nm͒ are under constant movement due to the atomic motion, they would never become perfectly spherical. Therefore, we define a reduced moment of inertia of 1.1 as the condition for achieving complete coalescence. It can be seen that for the case of bare silicon particles, the reduced moment of inertia converges to 1.1 ͑spherical shape͒ monotonically. For the bare particles, the interparticle interaction due to the surface atoms is attractive and there is no need to provide a potential energy barrier to induce the reaction. In contrast to this, the fully coated clusters, and as reflected in the temperature rise plot shown in Fig. 4 , show an induction period before the reduction in the moment of inertia. In fact, the moment of inertia initially increases after the collision, reaches a maximum, and then subsequently decreases toward unity. In this case the initial interparticle interaction is between the surface hydrogen atoms, and is repulsive.
The initial increase of the moment of inertia is attributed to an increase in total surface area of the coalescing particles. Figure 6 demonstrates the temporal evolution of the atomic behavior near the initial contact surface. The small light gray and large dark gray spheres represent H and Si atoms in the figure. Two Si atoms colored white are initially beneath the surface of the coalescing particle ͓Fig. 6͑a͔͒, as coalescence begins, one of the white atoms comes to the surface ͓Fig. 6͑b͔͒. A second one follows the first and stretches the surface and leaves a bare silicon surface ͓Fig. 6͑c͔͒. We note that rather than a Si-H molecule moving interior to the particle to reduce surface area, bare silicon actually moves to the exterior, and at least initially this is responsible for an initial increase in moment of inertia. At no time do we see H atoms enter the interior of the particle. However, we do observe hopping of H atoms on the surface during the entire coalescence period and the opening of bare silicon spots facilitates this movement. In image 6͑d͒ we see the beginning of this migration process where a white Si ͑bare͒ atom and a hydrogenated neighbor experience a hydrogen exchange. In Fig.  6͑e͒ we see that the previously hydrogenated Si is pulled out of the surface, and donates its hydrogen to the neighboring white Si atom ͓Fig. 6͑f͔͒. These events suggest that the mathematical model for the coalescence of coated particles needs to account for the relocation of surface atoms.
To better understand the nature of the evolution in the morphology, we study the properties of both bare and coated FIG. 7. Time series of particle morphology imaged with respect to atomic velocity vectors for two 6 nm particles at 1500 K. ͑a͒, ͑b͒, and ͑c͒ are bare and ͑d͒, ͑e͒, and ͑f͒ are coated particles. particles in detail. The change in morphology of the clusters could be through movement of atoms via bulk fluid motion or by individual atomic diffusion processes. Figure 7 demonstrates the temporal evolution of the atomic velocity vectors, shown as a cross section slice of thickness −0.5 nm Ͻ y Ͻ 0.5 nm, during a coalescence event of bare and coated particles. As the bare particles approach, surface atoms are accelerated toward each other, as they feel an attractive force ͓Fig. 7͑a͔͒, which continues even after the collision ͓Fig. 7͑b͔͒. Once the collision event has progressed, diffusion processes drive the agglomerate to become a sphere ͓Fig. 7͑c͔͒. On the other hand, as the fully coated particles approach, the surface hydrogen atoms feel a repulsive force ͓Fig. 7͑d͔͒. After reaction, the surface atoms in the contact area move away from the neck of the agglomerate, while interior ͑core͒ atoms move toward the neck ͓Fig. 7͑e͔͒. This is schematically illustrated by the large arrows showing the net direction of atom movement. The surface atoms being squeezed out of the neck region, move along with the surface of the particles. This is manifested by both Si-H diffusion and H hopping. Finally in Fig. 7͑f͒ the incoming interior atoms widens the neck of the agglomerate and drives it to a sphere. According to Fig. 5 , the coated particles coalescence process ͓Figs. 7͑d͒-7͑f͔͒ requires more time than the bare particle coalescence process ͓Figs. 7͑a͒-7͑c͔͒. After the process 7͑d͒-7͑f͒, the reduced moment of inertia monotonically converges to unity, and the temporal evolution of particle morphology is very similar to that seen for bare particles.
During the coalescence process, temperature change of clusters affects properties such as diffusivity and complicates the calculation of characteristic coalescence time from Eqs. ͑1͒, ͑2͒, and ͑12͒. In order to simplify this problem we chose to study the coalescence process under constant temperature conditions. In point of fact for a real growth process, particles of this size would not see temperature excursions, since they are effectively thermostated by surrounding gas. 16 The molecular dynamics simulation of the reduced moment of inertia for both bare and fully coated 6 nm particles at 1500 K shown as dashed lines are presented in Fig. 8 , and are similar in form to that seen in Fig. 5 . A direct observation of the two curves shows that the decay toward spherical shape is similar once the initial induction period for the coated particles is accounted for. Temporal variations of the total surface area of coalescing particles obtained from our mathematical model ͑3͒, ͑10͒, and ͑12͒ are compared with the simulation results for both bare as well as coated cases. The radius a of 3 nm and the cutoff length f c of 0.3 nm were chosen, to give the function ͑͒ shown in Fig. 3 . The parameter ␤ of 0.441 J / m 2 was chosen to fit the molecular dynamics results. Note that our model does not describe the behavior of the initial variation of the moment of inertia of the coated particles, because of the assumption of spherical shape during coalescence. However, the model predicts the initial induction period by adjusting the parameter ␤. According to our discussion in the previous section, this induction period occurs due to ͑a͒ diffusion of surface atoms along the particle surface, ͑b͒ movement of interior Si atoms near the surface toward the particle surface, and ͑c͒ movement of core Si atoms to fill in the neck of the coalescing particles. During the initial contact period, the large magnitude of the function ͑͒ retards particle coalescence. Moreover, it is clearly seen that our model not only describes the dynamical behavior of the moment of inertia after the initial induction period, but also shows good agreement with the coalescence time for bare as well as coated particles. Since the function ͑͒ decays significantly toward the end of the coalescence process, the characteristic coalescence time for liquid droplets according to expressions ͑2͒ and ͑12͒ is approximately inversely proportional to the surface tension of the particles. We compare the characteristic coalescence time with the decay rate of the reduced moment of inertia, M. The surface tensions of bare and fully coated particles were taken as 0.826 and 0.442 J / m 2 , respectively, as computed by our prior simulations, and the ratio coated / bare , was found to be 0.54. 40 We calculate the time of both bare and coated coalescence processes from the reduced moment of inertia 2.5 to 1.1 in Fig. 8 . These periods are 31.2 and 64.0 ps for bare and coated cases, and their ratio is 0.48. We also obtain the ratio of those decay rates observed, M bare and M coated , from Fig. 8 , which gives 0.55. Both decay rates, M, are the times required to decrease the reduced moment of inertia from 1.5 to 1.2, where the growing particle is nearly spherical. These ratios clearly indicate excellent agreement with the ratio of the characteristic coalescence times, and those results suggest that once a standard coalescence process ͓e.g., after the period of Fig. 7͑f͔͒ is initiated, the coalescence event between a coated and uncoated are primarily controlled by the same internal transport/kinetic processes, and that the difference in the predicted coalescence time is determined by the differences in surface tension. The deviation between the mathematical model and the simulation results near the end of the coalescence process of both bare and fully coated particles is due to the assumption that particle radius does not change.
B. Size and temperature dependence
The effect of the particle size and the initial particle temperature on the particle coalescence was also studied. Figures  9͑a͒ and 9͑b͒ show the temporal behavior of temperature and reduced moment of inertia for bare and fully coated 3 nm particles under an energy conservation coalescence process. The initial particle temperature is 1500 K and the initial approaching kinetic energy of 35 000 K corresponds to the critical approach energy for this particular size and particle temperature. 33 By comparison with the 6 nm particle case, the temperature of bare 3 nm particles after the coalescence is higher than that of 6 nm particles ͑see also Fig. 4͒ . This results from the smaller particles having a greater fractional increase in the number of new bonds formed, which release heat, and the lower heat capacity of the smaller particles.
However, the temperature increase of coated coalescing particles is again half that of bare particles, similar to the 6 nm case. Also, the dynamical behavior of temperature and reduced moment of inertia are similar to the coalescence of 6 nm particles. Figure 9͑b͒ shows that the coated particles coalesce a factor of 3.7 times slower than the bare particles and coalescence much faster, about a factor of 2, relative to the corresponding 6 nm particles.
Figures 9͑c͒ and 9͑d͒ show that the temporal variations of temperature and reduced moment of inertia of 3 nm at a lower temperature of 1000 K and an initial approaching kinetic energy is 60 000 K ͑critical approaching energy for this size and temperature 33 ͒. The behavior is similar to the higher temperature case; however, the coalescence process is considerably slower ͑by a factor of 10͒ and therefore so is the temperature rise. The temperature increase of about 100 K is less than the 1500 K case, which is about 150 K ͓see Fig.  9͑a͔͒ . Since the particle sizes are the same, and in both cases coalescence leads to spherical particles, the number of new bonds ͑89 at 1500 K, 100 at 1000 K͒ due to the coalescence is comparable to each other. Therefore, the temperature rise is proportional to their initial particle temperatures and also implies that the heat capacity is relatively constant over this temperature range. On the other hand, the temperature of the coated particle increases slowly, and at complete coalescence the temperature rise is only a third that of the bare particle. We discuss the reasons for this effect in the section on the role of extent of hydrogen surface coverage.
Coalescence times simulated under constant temperature processes as a function of particle size at 1000 K ͑a͒ and 1500 K ͑b͒ are summarized in Fig. 10 . Note that the horizontal axes in the figures are presented as the number of atoms at 1000 K and atoms to the one-third power at 1500 K. This reflects the power dependence to atom number in the phenomenological models for solids and liquids, respectively ͓Eqs. ͑1͒ and ͑2͔͒. At 1500 K the coalescence times of both bare and coated particles larger than 800 Si atoms ͑about 3 nm size͒ increase linearly with the diameter of the particle, in agreement with Eq. ͑2͒. Moreover, at 1000 K the coalescence times of both bare and coated particles increase linearly with the volume of the particle suggested in Eq. ͑1͒, and is different from the higher power dependence model. [35] [36] [37] At this temperature, and based on our prior work 54 solid/liquid transition phase for these particle sizes. One should expect, however, to observe higher power dependences when particle temperatures are even lower; however, because of the considerably slower rate of coalescence such a computation is not tractable with our MD methods. In addition, Xing and Rosner introduced a surface curvaturedependent diffusivity and applied it to the coalescence model. 55 They found that the coalescence times were many orders of magnitude smaller than those obtained from the macroscopic properties. In our simulations in the range of less than 1000 Si atoms at 1500 K, both bare and coated particles show the effect of surface curvature dependence on the coalescence times.
Coalescence times of fully coated particles are longer ͑about a factor of 3-5͒ than that of bare particles at both temperatures, and also show a similar particle size dependence as those of bare particles of corresponding temperatures. Under constant temperature processes, we found that the differences in coalescence behavior between bare and fully coated particles were the initial adhesion-coalescence process, and the decay rate of the reduced moment of inertia associated with a change in surface tension. While many macroscopic parameters ͑temperature, surface tension, etc.͒ affect particle coalescence, at the microscopic level coalescence is ultimately an atomic diffusion process, and we observe the effect of these macroscopic parameters on atomic diffusion through the sintering process. [56] [57] [58] As such we expect coalescence to be self-similar for both bare and coated clusters. The decrease in surface tension implies a great surface atom stability and slows the coalescence of coated particles by retarding diffusion; however, both diffusion mechanisms are similar. The initial adhesion-coalescence process simply delays the coalescence process, but does not alter the nature of the coalescence behavior. Therefore, while the coated particles can significantly retard coalescence, once the initial reaction barrier is overcome, through the critical collision energy, the behavior of the size-dependent coalescence times of coated particles is similar to that of bare particles.
C. Partially coated particles
The effect of surface coverage on the particle coalescence was also studied. We prepared 30% ͑236 H atoms͒, 50% ͑393 H atoms͒, 60% ͑471 H atoms͒, 75% ͑589 H atoms͒, and 85% ͑668 H atoms͒ coated 6 nm silicon particles at 1500 K, and these particles were then used to study coalescence under constant temperature conditions. The molecular dynamics simulation for the temporal variation of the reduced moment of inertia are presented in Fig. 11 as dashed lines, for bare to fully ͑100%͒ coated particles. Clearly, the coalescence time is significantly, but smoothly, a function of hydrogen surface coverage. During the initial induction period, coalescence as measured by the reduction in moment of inertia shown a monotonic decrease with time. However, for particles with surface coverage of 75% or higher, particles experience an induction period as previously described. The moment of inertia decays to a local minimum, before increasing again, followed by a monotonic drop-off as coalescence takes place. We recall that the increase in surface area during the induction period results from subsurface silicon atoms coming to the surface. The growth rates from the moment of inertia are qualitatively similar to those of any amount above 75% coating, but the growth periods become longer with increasing surface coverage. Also according to our earlier discussion, the increase of surface area of the coalescing particles is seen as an increase in the moment of inertia. Since the effect of the extent of surface coverage on the Si diffusivity was found to be negligible, the movement of interior Si atoms toward the surface is independent of surface coverage. 40 However, the greater the surface coverage the greater the number of Si atoms that must move to the surface for coalescence to occur. Thus, the transient growth in surface area during the induction period should be proportional to surface coverage. The MD simulation results indicate that the higher the surface coverage, the greater the increase of surface area, and why the induction period increases as the extent of coating increases.
These molecular dynamics results have been compared with the mathematical model ͑12͒ shown as solid lines in the same figure. The surface tensions from our previous MD simulations were found to be 0.6394, 0.7548, and 0.8209 J / m 2 for 85, 75, and 50% coated particles, respectively. This conditions corresponded to ␤'s of 0.639385, 0.75475, and 0.80000 J / m 2 as fit the molecular dynamics simulations for the three coverages. As we discussed in the previous section, the nature of our model is such that the initial variation of the moment of inertia cannot be predicted by our model. However, the model successfully describes the initial induction period, and it shows very good agreement with the monotonic decay in the moment of inertia. Note that our model cannot describe the end of the coalescence process because the particle radius a is assumed constant. This comparison indicates that the model predicts the overall process as comprised of an induction period and coalescence period, of any extent of coverage by appropriate choice of ␤.
We briefly discuss the nature of the ␤ parameter which can be used to determine the initial induction period and the energy requirement for both repulsion and relocation of surface atoms during the initial contact. If one considers that ␤ is a modifier to the surface tension we can define a new parameter ⌫ = ͑ − ␤͒, the effective surface tension. Figure 12 shows the effective surface tension normalized by the absolute surface tension as a function of surface coverage. At very low coverage, ␤ is small, and the effective surface tension is near the true surface tension. With increasing coverage, the effective surface tension decreases, making it harder for particles to coalesce.
When the extent of coverage is below 60%, the normalized effective surface tension decays exponentially with the extent of coating. Above about 67%, the normalized effective surface tension decreases even more rapidly. From the previous section, we saw that for bare particles the interparticle interaction between surface atoms is attractive and no potential energy barrier exists to coalescence. In contrast for coated particles, the interparticle interaction is repulsive and increases with increasing hydrogen coverage. The dashed line in the Fig. 12 describes the effect of repulsion, and the corresponding parameter we define as ␤ rep as a function of coverage
where P c is the percent coating. When P c ജ 67, we observe an induction period as the time necessary to relocate surface atoms ͑see Fig. 11͒ . The change in slope seen in Fig. 12 corresponds to the appearance of the induction period and a new parameter ␤ rel = ␤ − ␤ rep which corresponds to the energy needed not only the repulsion ͑dashed line in Fig. 12͒ but also for relocation of surface hydrogen and silicon atoms ͑solid line͒. This effect increases with P c and causes the parameter ␤ to approach the surface tension rapidly. The parameter ␤ rel corresponding to such a relocation process is given by
The parameter ␤ is effectively given as ␤ rep for P c ഛ 60 and ␤ rep + ␤ rel for P c ജ 67. We have also studied the effect of the extent of coating on the temporal variation of temperature during sintering. The molecular dynamics simulations for various extents of coating were carried out under the constant energy conditions, and the results for particle temperatures shown in Fig. 13 . Clearly seen is that all with increasing surface coverage, the temperature rise of this exothermic event is moderated relative to bare particles. This is expected as the temperature rise is associated with the formation in net of new chemical bonds. We see that for particles with coverage of 75% or less the final temperatures of the particles are essentially equivalent. While at higher surface coverage the rise in temperature is tempered.
When two equivalent spherical particles coalesce to form a larger spherical particle, the surface area decreases about 20%. This implies that when hydrogen atoms cover more than 80% of the surface of the initial coalescing particles, there exists an excess amount of hydrogen after the completion of coalescence. Since it was found that the hydrogen atoms always stay on the surface during the entire period of coalescence, the existence of hydrogen modifies the structure of silicon atoms near the surface, and moderates the final temperature of the coated particle. The number of SiH 2 and SiH 3 's on the surface of 6 nm particles before and after coalescence were found to increase from 38 to 94 and from 0 to 4 for 100% coated particles during coalescence.
V. CONCLUSION
Classical molecular dynamics simulations using the reparametrized three-body KTS potential were conducted to study the coalescence behavior of hydrogen-terminated silicon nanoparticles. The simulations were carried out over a particle size range of 2-6 nm and at 1000 and 1500 K. It was found that there exist two steps during the coalescence of coated particles. The initial step consists of adhesion of two particles and relocations of surface atoms near the adhesion region. This happens due to the existence of H atoms on the surface of the coalescing pair of coated particles. This initial step requires a relatively longer time as compared to the time required for the completion of the coalescence of bare particles. The last step in coalescence consists of the nominal coalescence similar to that observed during coalescence of bare particles and primarily depends on the surface tension and diffusivity of the particle. A mathematical model has been developed that is able to capture both the induction and coalescence event accurately and can be used in phenomenological models for aerosol dynamics. The coalescence time of the entire process takes longer with increasing particle size and decreasing initial particle temperature. The total coalescence time of coated particles is about 3 to 5 times longer than that of bare particle and the temperature rise of coated particles was found to be about half of that of the corresponding bare particles. As the particle sinters the numbers of SiH 2 and SiH 3 species on the surface of the particle increase due to the reduction in total surface area and the presence of excess H atoms. We also studied the effect of the extent of H coverage on the particle coalescence process and observed a steady decrease in coalescence time with decreasing hydrogen coverage. *Author to whom correspondence should be addressed.
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